A nonlinear predictive control method for a fractional-order hydraulic turbine governing system (HTGS) with a time delay is studied in this paper. First, a fractional-order model of a time-delay hydraulic turbine governing system is presented. Second, the fractional-order hydraulic servo subsystem is transformed into a standard controlled autoregressive moving average (CARMA) model according to the Grünwald-Letnikov (G-L) definition of fractional calculus. Third, based on the delayed Takagi-Sugeno fuzzy model, the fuzzy prediction model of the integer-order part of the HTGS is given. Then, by introducing a fourth-order Runge-Kutta algorithm, the fuzzy prediction model can be easily transformed into the CARMA model. Furthermore, a nonlinear predictive controller is proposed to stabilize the time-delay HTGS. Finally, the experiment results are consistent with the theoretical analysis.
Introduction
Efforts to develop clean energy and to improve the status of clean energy in international energy architecture are urgently needed because of the burning of large amounts of fossil fuels. Water energy as a clean source has been extensively developed in recent years [1] [2] [3] . There are ever increasing numbers of high-capacity and high-head hydropower stations. It is particularly important for such giant hydro-turbine units to ensure their safe and stable operation [4] [5] [6] . However, there are varying degrees of stability problems in large and medium-sized hydroelectric generator units in production practice both at home and abroad [7] [8] [9] [10] . The stability of the hydro-generator sets plays an important role in the stability of the power grid system. Therefore, it is of great significance to control the hydraulic turbine governing system (HTGS) in a high quality way.
Nonlinear modeling and dynamic analysis of hydraulic turbine governing systems has always been a topic of interest, and there has been much research in this area [11] [12] [13] [14] [15] [16] [17] . There is a consensus that fractional calculus is superior to integer calculus in describing systems with memory, historical dependence, and viscoelasticity [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Considering the nonlinear, time-varying and nonminimum phase characteristics of hydraulic turbine governing systems, some scholars have introduced fractional calculus to establish mathematical models of HTGS which are more in line with engineering practice [30] [31] [32] . On the basis of accurate modeling, stability control of HTGS has attracted many scholars' attention. However, at present, the control methods of HTGS mainly focus on asymptotic stability theory and finite time theory [33] [34] [35] [36] [37] [38] [39] [40] . Theoretically, the time required for the asymptotic stability theory to make the system stable is infinite. Although finite-time control can improve the system transition process, including overshoot, stability time, and oscillation times, the control system requires a certain amount of time from signal acquisition and processing to the controller operation, which leads to the time lag of the control. In addition, due to the time-delay effect from the mechanical inertia and multi-stage hydraulic amplifier of the hydraulic pressure system, the control of the HTGS will undoubtedly become more difficult.
Predictive control plays an active role in prediction and online optimization and is fundamentally different from traditional control methods, making it an area of significant research activity [41] [42] [43] . Also, predictive control has natural advantages in dealing with time delays [44] . Currently, predictive control theory for linear systems is relatively mature but the theoretical research of nonlinear predictive control is still in its infancy. Can fuzzy techniques and generalized predictive control (GPC) be combined for the control of the fractional-order nonlinear time-delay HTGS? If possible, how could the fuzzy model be matched with GPC, and what are the detailed controller forms and specific stability theorems? These questions have not been considered.
Inspired by the above discussion, there are several advantages which make our study attractive. First, considering the mechanical inertia of a hydraulic servo system and the strong historical dependence of relay parts, a fractional-order nonlinear HTGS with a time delay is presented. Second, the Grünwald-Letnikov (G-L) definition is used to deal with the fractional order model of HTGS with time delay, and the fractional hydraulic servo system is transformed into the standard CARMA model, which provides a model basis for the control of the system. Third, the time-delay Takagi-Sugeno (T-S) fuzzy theory is applied to get the fuzzy predictive model of the integer-order part of the time-delay HTGS. Furthermore, through a fourth-order Runge-Kutta algorithm, we can transform the fuzzy predictive model into the CARMA model. Then, based on the obtained CARMA model and the generalized predictive control (GPC) theory, a nonlinear fuzzy generalized predictive controller is designed for the fractional-order time-delay HTGS. Finally, the effectiveness and superiority of the proposed scheme are verified by numerical simulation.
The organization of the remainder of this paper is follows: In Section 2, a fractional-order HTGS with time delay is given. Section 3 presents the model transformation and controller design. Numerical experiments are performed in Section 4. Finally, conclusions are provided in Section 5.
System Description
The hydraulic turbine governing system is described as in references [30, 31, 45] :
where δ, ω, m t , µ are the generator rotor angle deviation, the rotational speed relative deviation of the generator, the hydro-turbine output incremental torque deviation, and the incremental deviation of the guide vane opening, respectively; T ab , T w and T y are the sum of the inertia time constants of the rotating part of the unit and load, the inertia time constant of the pressure diversion system, and the reaction time constant of the relay, respectively; D is the damping coefficient of generator speed deviation; E q is the generator q-axis transient electromotive force; x d and x q are generator d-axis transient reactance and q-axis synchronous reactance, respectively; V s is infinite bus voltage; e qh and e qy are the head transfer coefficient and the relay stroke transfer coefficient of the flow, respectively; e y and e h is the relay stroke transfer coefficient and the head transfer coefficient of hydro-turbine torque, respectively; e = e qy e h e y − e qh ; Here, the control input is not taken into account, i.e., u = 0.
The mechanical inertia of the hydraulic servo system and the displacement response of the piston of the servo motor make the system show a lag characteristic. At the same time, because the mechanical material has a metal memory property and the water flow through the guide vane has a certain viscoelasticity, the system presents a fractional property in the relay. Therefore, the fractional-order hydraulic servo system with a time delay is employed [31] :
where τ = k n h is the time delay, k n is the delay steps and h is the sampling interval. According to Equations (1) and (2), the fractional-order nonlinear HTGS with a time delay is represented as: Here, the control input is not taken into account, i.e., 0 u  .
is the time delay, n k is the delay steps and h is the sampling interval. According to Equations (1) and (2), the fractional-order nonlinear HTGS with a time delay is represented as: In Equation (3), the parameters are set as follows:ω 0 = 314 rad/s, T ab = 9.0 s, D = 2.0, E q = 1.35, T w = 0.8 s, T y = 0.1 s, x d = 1.25, x q = 1.474, V s = 1.0, e = 0.7, e qh = 0.5, e y = 1.0, α = 0.5, k n = 50, h = 0.001 s.
To facilitate the mathematical analysis, we use x = [x 1 , x 2 , x 3 , x 4 ] and replace [δ, ω, m t , µ]. The time domain of the HTGS (3) in starting operation is shown in Figure 1 . It is clear that the fractional-order time-delay HTGS (3) is experiencing unstable and irregular vibrations with an initial value [δ, ω, m t , µ] = [0.1, 0.1, 0.1, 0.1], which needs to be controlled.
Nonlinear Predictive Control Design

Fractional-Order Prediction Model
The fractional differential equation can be used to describe the fractional-order model:
where a i (i = 1, 2, 3 · · · n) is an arbitrary real coefficient, y(t) is a state variable, D β n is the β n -order differential of y(t), and u(t) is the input. When the initial value of y(t) is zero, the transfer function of the fractional-order differential equation is:
On the basis of G-L definition, the β n -order differential of y(t) can be given as follows:
where h is the sampling interval, a D β n t is G-L differential operator, and ω (β n ) j can be obtained from the recursive formula:
For general control objects, the transfer function model can be identified as fractional order plus pure delay. And it can be expressed as follows:
where β ∈ (0, 1) is the fractional order, m is the time-delay constant, T is the time constant, and K is arbitrary real coefficient. Through a Laplace inverse transformation, one can obtain:
The discretization function is obtained:
The current time is t = kh and is denoted by the time point k, the lag time is a = k n h and is denoted by the time point k − k n . Then, (11) can be transformed as follows:
From Equations (9) and (11), one can obtain:
Substituting Equation (7) into Equation (12), we have:
Based on Equations (9)-(13), the fractional-order
Integer-Order Prediction Model
The following is the delayed Takagi-Sugeno (T-S) fuzzy model [46] [47] [48] :
is the fuzzy set, y(t) ∈ R n are the state variables of the system, E = I 0 0 0 , I ∈ R (n−1)×(n−1) ,I is identity matrix, A iz ∈ R n×n and A zdi n×n are normal real matrices with proper dimensions.
The membership function is selected as shown in Figure 2 and is presented as:
Energies 2019, 12, x FOR PEER REVIEW 6 of 18 Then, the delayed T-S fuzzy model is obtained as: Then, the delayed T-S fuzzy model is obtained as:
.
where
,
The transformation from the delayed T-S fuzzy model Equation (17) into the CARMA model is straightforward by using the forth-order Runge-Kutta algorithm, which can address a time delay, is given as:
The delayed T-S fuzzy model Equation (17) can be described as:
According to Equation (18), we have:
. Therefore, one can obtain:
By T-S fuzzy theory, the fuzzy model of integer order variable .
x in HTGS (3) can be obtained as follows:
h i (z(t))A dzi are the coefficient matrices of the model.
In Equation (21), only the integer order model in system (3) is considered, so the influence of fractional order should be ignored. That is, the last row of the coefficient matrix A dz should be set to 0.
The fourth-order Runge-Kutta algorithm is used to discretized system Equation (21), and the discrete model can be described as:
Controller Design
The following presents the CARMA model:
where the state vector is Y(k) = [y 1 (k), y 2 (k), · · · , y n (k)] T , the control input is U(k) = [u 1 (k), u 2 (k), · · · , u n (k)] T , the white noise is ξ(k) = [ξ 1 (k), ξ 2 (k), · · · , ξ n (k)] T , and
where A 1 , A 2 , · · · , A n a , B 1,0 , B 1,1 , · · · , B 1,n b , C 1 , C 2 , · · · , C n c are coefficient matrices. Combined with Equations (14) and (22), external noise and controller are added to the system. When the system just has A 1 ,A τ ,B 1,0 ,C 0 and d = 1, the CARMA model of the system can be expressed as
Theorem 1. Taking the CARMA model Equation (24) of fractional-order HTGS (3) into consideration, the future output prediction model could be given as:
Here, X is the prediction output; X m is the corresponding output in the prediction time domain, which is completely determined by the past control input and output; G is the control coefficient matrix, and ∆U is the control increment vector in the time domain.
. . .
N is the prediction length.
Theorem 2. Considering the CARMA model (25) of a fractional-order HTGS (3), the system will converge to the reference trajectories Y r under the control law (26) .
Proof of Theorem 1.
Step 1: Prove the first term.
The first term fulfills Equation (25) .
Step 2: Prove the common term.
Theorem 1 is proved.
Proof Theorem 2.
To make the output smoothly change over to the set value at a certain response speed, the reference trajectory is often taken as a first-order hysteresis model. The reference trajectory is given below:
where κ is the softness factor matrix, and w(k) is the desired output matrix.
The system objective function is selected as:
Then,
According to Equations (25) and (26), one obtains, 
Numerical Experiments
Consider the system motion within a certain ranger and select ω ∈ [−d, d], d=2. For the HTGS (3), according to the delayed T-S fuzzy model (15) , the following fuzzy rules can be established.
The membership function can be expressed as:
). The coefficient matrix of the integer-order nontime-delay term is given as:
The coefficient matrix of the integer-order time-delay term is presented as:
Then, based on Equation (21), the integer-order T-S fuzzy model of HTGS (3) can be rewritten as:
Based on Equation (22), the discrete model of the delayed T-S fuzzy model Equation (28) is obtained as:
According to the fractional-order model transformation Equation (24), the fractional time-delay coefficient matrix of HTGS (3) can be obtained as:
Based on Equation (24), the overall CARMA model of fractional-order time-delay HTGS (3) can be obtained from Equations (29) and (30) x
, B is the fourth-order unit matrix.
Case 1: Model Match
When the unit operates under rated conditions, the transfer coefficients of the hydraulic turbine model are shown in Section 2. The power angle of the hydro-generator unit should be equal to the power grid power angle, i.e., δ = 0; the speed should be maintained at the rated speed, i.e., ω = 0; the moment of hydraulic turbine should be kept constant to ensure the stability of the turbine speed, i.e., m t = 0; the opening of the guide vane of the turbine is the rated opening, i.e., y = 0. Therefore, the expected output value of HTGS (3) should be w = [0; 0; 0; 0]. In the experiment, the predicted time domain is 0.06 s, and the time lag of relay is 0.05 s. Simulation results are shown in Figure 3 . It is clear that the stability of the guide vane opening is most affected because of the time delay of the relay. The deviation of the guide vane opening produces a large fluctuation at 0.05 s. Then, an attenuated oscillation with a period of 0.05 s is generated. Due to the coupling effect of the system, the angle of the generator rotor angle deviation, the rotational speed relative deviation of the generator, and the hydro-turbine output incremental torque deviation have been affected to varying degrees, respectively. Under the action of the controller, the deviation of the guide vane opening achieves normal operation range after 0.3 s. The angle of the generator rotor angle deviation achieves normal operation range after 0.1 s. The rotational speed relative deviation of the generator and the hydro-turbine output incremental torque deviation achieve normal operation range after 0.1 s. In addition, we can find that the largest vibration amplitude is the angle of generator rotor angle deviation (0.267), followed by the hydro-turbine output incremental torque deviation (0.027), the rotational speed relative deviation of the generator (0.025) and the deviation of the guide vane opening (0.015).
Overall, the state variables of the hydraulic turbine governing system tend to be stable, which verifies the effectiveness of the proposed controller. The state variables of the hydraulic turbine governing system are coupled with each other and all of the state variables reach stability after the same periodic attenuated oscillation. Considering the two factors of stabilization time and oscillation amplitude, we can obtain the ranking of the influence degree of relay delay on various variables of the system. The most sensitive is the deviation of the guide vane opening, followed by the angle of generator rotor angle deviation, the hydro-turbine output incremental torque deviation, and the rotational speed relative deviation of the generator.
Case 2: Disturbance Analysis
As an important index to measure power quality, there is a high requirement for frequency in hydropower station operation. The frequency of a hydropower station is related to the rotational speed of the hydro-generator unit. When the turbine torque and the generator load torque is equal, the unit speed will remain constant. However, when the load of the generator fluctuates, the hydro-generator unit operation will be affected. In China, the fluctuation range of electricity frequency is ±0.2 Hz. And in some cases, it can reach ±1 Hz. In this experiment, a positive perturbation of 2% rated speed was given as a step signal to excite the generator set at t = 0.3 s. That is, the frequency reaches 51 Hz. perturbation of 2% rated speed was given as a step signal to excite the generator set at t = 0.3 s. That is, the frequency reaches 51 Hz. Experiment results are presented in Figure 4 . When the speed of hydro-generator unit is affected by the grid load disturbance, clearly, the rotational speed relative deviation of the generator, the deviation of the guide vane opening, the angle of generator rotor angle deviation, and the hydro-turbine output incremental torque deviation all have a perturbation almost at the same time. We can see that the rotational speed relative deviation of the generator jumps to 0.02 at 0.3 s, and it return to the normal speed quickly as well as the other state variables under the action of the proposed controller. That is, the frequency recovers to 50 Hz. The control process is represented by local enlargement. Through the partial enlargement, the ranking of oscillation amplitude in the order from large to small is the rotational speed relative deviation of the generator, the deviation of the guide vane opening, the angle of generator rotor angle deviation, and the hydro-turbine output incremental torque deviation. The change of load has bigger influence on the rotating speed and the Figure 4 . When the speed of hydro-generator unit is affected by the grid load disturbance, clearly, the rotational speed relative deviation of the generator, the deviation of the guide vane opening, the angle of generator rotor angle deviation, and the hydro-turbine output incremental torque deviation all have a perturbation almost at the same time. We can see that the rotational speed relative deviation of the generator jumps to 0.02 at 0.3 s, and it return to the normal speed quickly as well as the other state variables under the action of the proposed controller.
That is, the frequency recovers to 50 Hz. The control process is represented by local enlargement. Through the partial enlargement, the ranking of oscillation amplitude in the order from large to small is the rotational speed relative deviation of the generator, the deviation of the guide vane opening, the angle of generator rotor angle deviation, and the hydro-turbine output incremental torque deviation. The change of load has bigger influence on the rotating speed and the guide vane opening than angle of generator rotor angle and hydro-turbine output torque. Based on the experiment, it can be seen that the proposed nonlinear generalized predictive control (NGPC) has a desirable control performance under the rotational speed disturbance, which shows the robustness of the designed scheme. 
Case 3: Effects of Time Delay
The movable guide vane is a key mechanical component for the adjustment of unit capacity and frequency. When the unit capacity rises, the opening degree of movable guide vane will rise, and more water will pass through the turbine. In contrast, the opening degree will decrease. Therefore, the power quality is closely related to the precise control of the movable guide vane. However, when the relay operates, due to the mechanical inertia of the hydraulic component amplifier, the action of the movable guide vane will have a time lag. In this experiment, the influence of time delay term is explored.
The delay time of the relay is set as 0.05 s, 0.06 s, 0.08 s, and 0.1 s. Experiment results are shown in Figure 5 . First, all the state variables can be stabilized under the proposed NGPC controller. By comparing the control performance of various variables, we can find that with the increase of time delay, the stabilization time as well as the amplitude also increases. The stabilization time of the guide vane opening is 0.3 s when the delay is 0.05 s and the stabilization time is 0.6 s when the time delay reaches 0.1 s. In addition, when the time delays are 0.05 s, 0.06 s, 0.08 s, and 0.1 s, the attenuated oscillation periods are 0.05 s, 0.06 s, 0.08 s, and 0.1 s, respectively. Through the comparison of the time delay with the attenuated oscillation period, we can infer that the time delay may cause the attenuated oscillation. To sum up, it can be seen that the NGPC controller has a desirable control performance under different time delays, which verifies the effectiveness of the proposed NGPC method. 
Conclusions and Discussion
A nonlinear generalized predictive control was proposed to stabilize a fractional-order HTGS with a time delay in this study. A fractional-order HTGS model that was more in line with engineering practice was presented. Then, based on the transformed overall CARMA model and GPC theory, a novel nonlinear predictive control was designed for the fractional-order time-delay HTGS. Considering model match and load disturbance, numerical experiments of the fractional-order nonlinear HTGS with a time delay were carried out. The NGPC controller proposed in this paper could achieve the desired control performance, which verified the effectiveness and robustness of the proposed controller. From the experiment of the fractional-order HTGS with different time delays, we found that the time delay of the relay had an impact on the hydro-generating units. The control of the HTGS became more difficult as the time delay increased.
At the same time, the study also has some shortcomings. As the amount of control needs to be calculated online, a higher speed of hardware processing is required. Although the time delay of the relay is considered in this paper, the delay is small. Future work is to study the control of the HTGS with a large delay. 
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